Pancreatic carcinogenesis in the Syrian hamster, induced by 3-oxidized derivatives of N-nitroso-di-npropylamine, constitutes a valuable model of human cancer of the exocrine pancreas. In both species the majority of tumors are adenocarcinomas: superficially, on the basis of their histological appearance, these appear to be ductal in origin. However, sequential analysis, by electron microscopy, of the development of pancreatic neoplasia in the hamster model indicates that acinar cells may participate in the histogenesis of "ductal" adenomas and carcinomas. Acinar cells appear to undergo changes in differentiation, including pseudoductular transformation, giving rise to a new population of cells that resemble ductular or centroacinar types. This new population may then proliferate to form, first, cystic foci and subsequently cystadenomas and adenocarcinomas. Mucous metaplasia appears to develop at late stages of tumor development. Although the participation of ductular and centroacinar cells in pancreatic carcinogenesis cannot be excluded, very few tumors arise from the ductal epithelium.
Introduction
The purpose of this review is to consider the histogenesis of experimentally induced tumors ofthe hamster exocrine pancreas, in the light of morphological evidence arising largely from electron microscope studies, and to attempt to relate it to other animal models as well as to the human disease.
The principal spur to the development of experimental models of pancreatic carcinogenesis has been the dramatic and continuing increase in the prevalence of human pancreatic cancer in industrial societies over recent decades (1) (2) (3) (4) (5) (6) (7) . The human disease carries a poor prognosis (7) (8) (9) , mainly due to the difficulty of early detection. It appears to be associated with environmental factors and industrialization (10, 11) . Although various chemical carcinogens have been thought to be possible causative agents (12, 17) , and both dietary habits (18) and cigarette smoking (3, 15, 18, 19) may be contributory factors, it has not proved possible to attribute the high incidence of pancreatic cancer to any specific cause (7, 20) .
Ideally, an animal model of the human disease should closely parallel the latter with respect to its biological behavior, morphology and histogenesis.
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Histogenesis of Human Pancreatic Cancer
Tumors of the human exocrine pancreas were classified by Ewing in 1919 (21) as either "cylindrical cell carcinoma" or "carcinoma simplex. On the basis of their histological appearance he considered that these arose from ductal and acinar cells, respectively. Subsequent classification became more elaborate (22) (23) (24) (25) . By far the greatest proportion of human nonendocrine pancreatic tumors are classified as adenocarcinomas (25) , corresponding to Ewing's "cylindrical cell carcinomas" Although Baylor and Berg (24) were cautious about the histogenesis of these tumors, most authors have asserted that they originate from the pancreatic ducts (22, 25, 26) , largely owing to the histological similarities between their epithelia. Evidence considered to support this view includes the presence within such tumors of mucin-secreting cells (26, 27) and observations of atypical hyperplasia of ductal epithelium (25, 28) and goblet cell metaplasia (25, 26) in the uninvolved pancreatic tissue ofpancreatic cancer patients. However, such ductal lesions have been thought, instead, to be secondary to obstruction of the ducts by tumors (29) . Furthermore, Walters (30) has observed goblet cell metaplasia in pancreatic ductules and centroacinar cells. Mucinous and eosinophilic metaplasia of these pancreatic elements in man have been suggested by Pour and his collaborators (31) to be related to pancre-atic tumorigenesis. Thus, a ductular rather than an exclusively ductal origin of pancreatic adenocarcinomas came to be envisaged.
While acinar cell carcinoma of the pancreas is considered to be relatively rare in man (23, 25, 32) , some authors have reported that it may account for up to 15% of the pancreatic exocrine tumors in their surveys (22, 28, 33) . Additionally, mixed acinar-ductal carcinomas are known (22, 26, 32) , complicating the question of histogenesis. Longnecker and his collaborators (34) (35) (36) have demonstrated the presence of multiple foci and nodules of dysplastic acinar cells in a substantial proportion of patients with pancreatic adenocarcinoma. Electron microscope studies of human pancreatic cancer, which might be expected to shed some light on their histogenesis, are sparse and most have described acinar cell tumors (37) (38) (39) . However, a recent fine structural study of a human cystadenocarcinoma showed it to be of acinar type (40) . The authors noted the likelihood that prior to the use of thin plastic sections or electron microscopy such neoplasms would have been classified as mucinous or serous adenocarcinomas (of ductal origin).
Clearly, conventional histological techniques alone are not adequate to establish unequivocally the ductal origin of all human pancreatic adenocarcinomas and the possibility has not been excluded that ductular, centroacinar or even acinar cells may play a role in the histogenesis of some of these neoplasms. The sequential analysis of neoplastic development in the pancreas that is necessary for determination of the histogenesis of tumors is not practicable in man and therefore requires suitable experimental models.
Animal Models
Experimental pancreatic carcinogenesis was the subject of an excellent review in 1979 by Reddy, Scarpelli and Rao (41) , who summarized the development of several animal models. The major available models currently utilize the rat, guinea pig and Syrian hamster.
Rat
In the rat, pancreatic tumors can be induced by various carcinogens, including 4-hydroxyaminoquinoline-1-oxide (HAQO) (42) , azaserine (43) (44) (45) and nafenopin (47) and also 7,12-dimethylbenz{a}anthracene (DMBA) when this agent is directly implanted into the pancreas (48) . There has been little controversy surrounding the histogenesis of most of these rat carcinomas: they appear to be of acinar cell origin. As a result, their comparability with the human disease is not immediately evident. However, Longnecker and his collaborators (45, 46) have drawn attention to the fact that, while most azaserine-induced rat pancreatic tumors are pure acinar adenocarcinomas of varying degrees of differentiation, a minority are mixed tumors with ductal or cystic elements. Thus, as Longnecker noted, the spectrum of rat pancreatic neoplasia overlaps that of man. In the rat, focal acinar dysplasias precede the development of pancreatic carcinomas (43, 46) . This is of particular interest in the light of Longnecker's findings of similar lesions in the human pancreas. Shinozuka and his co-workers (49) observed that atypical acinar cell nodules induced by HAQO showed fine structural changes indicative of partial loss of differentiation and suggested that further alteration would result in the development of tumors totally without acinar characteristics.
At first, the rat pancreatic tumors induced by DMBA were reported by Dissin and his collaborators (48) to resemble those of man in being adenocarcinomas with pronounced ductal characteristics. DMBA in addition induced ductal atypia and hyperplasia; however acinar and "ductular" hyperplasia were also present in a few animals. Furthermore, Bockman and his co-workers (50) , in an electron microscope study of DMBA-induced adenocarcinomas, observed the presence within them of cells with distinctive acinar cell characters, casting considerable doubt upon their ductal origin. Subsequently, Bockman and his colleagues (51) (52) (53) found that epithelial tubular complexes which develop at early stages of tumor induction in this model, and which might be interpreted on the basis of their histology as ductal or ductular proliferation, contain cells of intermediate character between acinar and ductal types. It appeared likely that these tubular complexes developed by the dedifferentiation of acinar tissue. Bockman has also demonstrated that, at least in the rat, the exocrine pancreas is not a true acinous structure but rather a system of anastomosing tubules (53, 54) . On anatomical grounds, therefore, it is feasible that pseudo-ductular structures, mimicking proliferated ductules, can result from acinar dedifferentiation.
Guinea Pig
In the guinea pig, pancreatic adenocarcinomas can be induced by N-methyl-N-nitrosourea (MNU) or N-methyl-N-nitrosourethane (55) (56) (57) , albeit at the cost of a high initial mortality and relatively low incidence. The histological appearance of these tumors suggests a ductal histogenesis, but Reddy and Rao (57, 58) have observed that MNU causes acinar cells to proliferate and undergo dedifferentiation, giving rise to pseudoductular structures. Ductular or pseudoductular transformation of acini may thus constitute a pathway for the development of so-called "ductal" adenocarcinomas from acinar cells in the guinea pig (41).
Hamster
The third major experimental model was developed following the discovery by Kruger, Pour and their collaborators (59-61) that a very high incidence of pancreatic carcinomas could be induced rapidly in the Syrian hamster by N-nitroso-bis(2-hydroxypropyl)amine (BHP), with little initial mortality. Other P-oxidized derivatives of N-nitroso-di-n-propylamine (61, 62) , as well as N-nitroso-2,6-dimethylmorpholine (63) also have been shown to be potent pancreatic carcinogens, but only in this species. It is possible that this speciesspecific organotropy is related to the fact that aged hamsters spontaneously develop a variety of pancreatic lesions, including "ductular hyperplasia" associated with mucous metaplasia (65) .
The majority of pancreatic tumors induced in the hamster were reported by Pour and his collaborators (60, to be multifocal and to comprise adenomas with a cystic, tubular or cystic-papillary structure and adeno-carcinomas of various subtypes and to resemble closely those of man, both in having marked ductal characteristics and also with respect to their biological behavior. In addition to these "ductal" tumors, these workers also obtained a low incidence of acinar cell carcinomas and, occasionally, mixed acinar-ductal and ductal-islet cell tumors. It is arguable that pancreatic carcinogenesis in the hamster may be the best currently available model of the human disease, in terms of experimental convenience as well as the similar morphology and biology of the tumors. The histogenesis of these hamster tumors is therefore likely to be particularly relevant to their human counterparts. Largely on the basis of their histological studies, Pour and his collaborators, having first reported that the pancreatic adenocarcinomas of the hamster were ductal (60, 61, 69) , subsequently suggested that most of them arose from ductules (70, 71) and, further claimed that the progenitor cells are 'stem cells" within the ductules (72) which proliferate to form new islets of Langerhans (73, 74) , particular emphasis being placed upon the role of intraand peri-insular ductules. Levitt and his co-workers (75) similarly considered the cell of origin to be ductal or ductular but, although obtaining only adenocarcinoma in their study (76) , also reported mitotic activity among acinar cells. In contrast to other workers, Scarpelli and Rao (77) Groups of animals were killed at closely spaced intervals throughout the experiment. A sample of each pancreas (and any visible tumor) was prepared for electron microscopy, the bulk of the tissue being prepared for histology and serially sectioned. One adenocarcinoma was transplanted subcutaneously and has been serially passaged (80) .
Histologically (and ultrastructurally) the normal hamster pancreas is similar to that of the rat and other species. In view of Bockman's work (54) on rat pancreas, a three-dimensional reconstruction of hamster pancreatic tissue was carried out from serial sections. This showed that, as in the rat, much of the acinar tissue exists in the form of anastomosing tubules (Flaks and Moore, unpublished observations). Centroacinar cells are sited in isolation among acinar cells, as well as at the ductular terminations.
Changes in Acinar Cells
Conventional histology revealed little change in the hamster pancreas until after 9 weeks of BHP treatment, when an apparent increase in centroacinar or ductulartype cells becanme evident (79, 84) . A quantitative study (Moore, unpublished observations) showed, over the first 15 weeks of treatment, a progressive increase in groups containing three or more centroacinar cells and a decline in single cells. However, examination of semithin plastic sections showed that this apparent increase could be accounted for partly by the presence of abnormally pale acinar cells with few zymogen granules.
Throughout the period of study (approximately 45 weeks) the pancreatic ductules retained a normal fine structure, except for occasional surface blebbing of ductular cells. Intraductal proliferation was rare and neither new islet formation nor early proliferation of intra-insular ductules were observed. However, fine structural changes in acinar cells were evident from the earliest stages and involved at least half of the acinar cell populations after 30 weeks (83, 84) . The earliest change was the appearance of dark and light cells, differing in the electron density of their ground cytoplasm and nucleoplasm, as shown in Figure 1 . Other initial changes included enlargement of acinar lumina and separation of cells at their lateral aspects. Increasing numbers of acinar cells developed conformational alterations of their rough ER including gross cisternal enlargement. Sometimes numerous intercisternal anastomoses were present. The cisternal contents were abundant, showing that this change was not merely due to swelling. In addition, abnormal zymogen granules were occasionally present. In some light cells the rough ER was vesiculated. However, these changes were not accompanied by any visible detachment of ribosomes and thus they do not resemble the degenerative changes produced by acute nonspecific injury. Indeed, BHP treatment resulted in very little acinar necrosis, although mitotic cells were observed. However, these rough ER changes are not specific either to BHP or to carcinogens (84) .
The light acinar cells often contained reduced numbers of zymogen granules and, as treatment progressed, a reduced abundance of rough ER. In addition, their nuclei were often indented or irregular in outline. The sizes of the zymogen granules showed considerable variation (Fig. 2) , and in some cells their shape was also variable. Autophagic vacuoles were present in many acinar cells. With increased duration of exposure to BHP, these tended to become more numerous and larger. Some of the largest vacuoles contained mature zymogen granules and rough ER. Similar large autophagic vacuoles, also packed with zymogen granules were observed within pale cells that otherwise resembled centroacinar cells (83) .
As treatment continued it was observed that many acini were composed of cells with an abnormally scanty, dispersed, rough ER, few zymogen granules and a Golgi apparatus having an "empty" appearance, surrounding an enlarged lumen.
At the same time, centroacinarlike cells were observed which exhibited one or more abnormal features. These features included an increase in rough ER, a well-developed Golgi apparatus and a few zymogen granules (Fig. 3) . Thus, a heterogeneous population of pale cells developed, as shown in Figure 4 , some of which had the appearance of normal centroacinar cells and others whose acinar cell character was betrayed by the presence of zymogen. These various cell types formed a spectrum that ranged from moderately altered acinar cells to cells that were difficult to distinguish from centroacinar cells. Certainly this would not be possible by conventional light microscopy.
The decrease in zymogen and rough ER and atrophy of the Golgi apparatus induced in acinar cells by BHP represents a loss of differentiation. The ultrastructural observations are consistent with the view (83) that this may be effected by a process of selective autophagy of rough ER and zymogen, the cellular end product of which has the fine structural morphology of a centroacinar or ductular cell. Although a similar loss of differentiation has been shown to result from nontumorigenic insults (85) (86) (87) , it is significant that acinar cell dedifferentiation is also a characteristic feature of pancreatic carcinogenesis in both the rat (50) and the guinea pig (57,58).
Pseudoductular Transformation
By 15 weeks after the start of BHP treatment, significant numbers of pseudoductules became evident in histological preparations of pancreatic tissue (Fig. 5) . They developed, in individual animals, before tumors had arisen and at later stages came to replace the acini of entire lobes. On the basis of their histological appearance they might have been considered to represent ductular proliferation. However, high resolution light microscopy of plastic sections revealed that they were composed of a mixture of cells, some of which appeared to contain zymogen granules while others resembled ductular cells (Fig. 6) . Some of these structures appeared to be abnormal acini, while others appeared to be ductules. Occasionally the "ductular" cells contained large autophagic vacuoles. The lumina varied in size and the larger pseudoductules had the appearance of small cysts. Electron microscopy (82) confirmed that some cells were entirely ductular in morphology while others had a few zymogen granules (usually of reduced size) and some arrays of rough ER (Fig. 7 ). These were clearly acinar cells that had undergone partial loss of differentiation. Their Golgi zones were small and their nuclei were often irregular in outline. Cells lacking zymogen, as well as altered cells, sometimes contained smaller cytoplasmic bodies and bundles of tonofibrils in their apical cytoplasm. Increased numbers of free ribosomes were present in some of the cells of pseudoductules.
Occasionally pseudoductular cells were observed that were almost entirely ductular in fine structure, except that they possessed large autophagic vacuoles of striking appearance (Fig. 8) that contained mostly rough ER and zymogen granules, the latter being identical in appearance to those of adjacent acinar cells. The presence of a very few free zymogen granules (Fig. 9 ) betrayed the acinar cell nature of some cells that otherwise would have been identified as centroacinar or ductular cells by reason of their possessing a sparse, fragmented rough ER, small mitochondria and pale, irregular nuclei. Such free zymogen granules indicated that the large autophagic vacuoles were not due to heterophagy of acinar cell fragments by ductular cells.
Pour (74) considered that the occurrence of pseudoductular transformation in the hamster pancreas was due to a proliferation of centroacinar and ductular cells in response to acinar degeneration and necrosis. However, in our studies (79, (82) (83) (84) an acinar cell origin 
Cystic Foci
Possible precursors of pancreatic tumors in the hamster appeared to be cystic foci (75, 79) , lined by flattened or low cuboidal cells. Their development was often associated with sites of pseudoductular transformation and large pseudoductules were difficult to distinguish from small cysts. They could reach a large size but were associated with little stroma. In thin plastic sections, a few acinarlike cells were observed within these cysts, as shown in Figure 10 . Electron microscopy of cystic foci showed that the majority of their cells, whether flattened (Fig. 11) or cuboidal ( Fig. 12) , had a relatively simple fine structure. Their nuclei were irregular in shape, sometimes being deeply lobed. The luminal cell surfaces bore numerous microvilli and sometimes a single cilium-a characteristic of normal ductular cells. The cytoplasm contained relatively few organelles but often possessed an increased abundance of free ribosomes. A distinct basement membrane was present. Thus, such cells were with their "ductular" neighbors and rested upon a common basement membrane. Some had very few zymogen granules but a relatively well-developed rough ER (Fig. 14) , while other cells only differed from the ductular type in possessing more rough ER. The presence of a few free zymogen granules within the lumina of the cysts indicated active secretory activity. Morphologically, therefore, there appears to be a developmental relationship between pseudoductules and cystic lesions.
Cystadenomas and Adenocarcinomas
Large lesions resembling cystic foci but showing a marked stromal development were (somewhat arbi- trarily) classified (79) as cystadenomas. Acinarlike cells were less frequently found in these lesions. Their fine structure resembled that of the typical ductular-type cells of cysts, although surface irregularity was more common. Large tumors, including adenocarcinomas, typically consisted of central papillary regions having a columnar epithelium (Fig. 15 ) and peripheral cystic lesions (Fig. 16 ). The epithelium was sometimes multilayered and goblet cell metaplasia was often observed in the central regions. Electron microscopy ( Fig. 17) showed that the fine structure of the columnar tumor cells was essentially similar to that of the cuboidal and flattened varieties. However, nuclear abnormalities and glycogen accumulation were more common than in the otherwise similar cells of cystic foci and, in the central zones of these tumors, a frequent observation was of cells with either abundant mucigenlike granules or mucous inclusions. Some tumor cells contained both types of inclusion, as shown in Figure 18 . Transplantable pancreatic adenocarcinomas of the hamster have been established (80, 90) . We studied one which retained the morphology of the primary tumor over several transplant generations (80) . Ultrastructurally the cells were typical of this kind of tumor: the epithelium was either multilayered or columnar, its cells often containing mucous or mucigen granules. Localized goblet cell metaplasia was frequently observed in the central areas. An interesting observation was that the peripheral regions of growing tumor implants resembled that of many primary pancreatic tumors in being invariably cystic in structure and were lined by a flattened epithelium. Ultrastructurally this epithelium was similar to that of cystic foci or cystadenomas (Flaks, unpublished observations) . This suggests that the morphology of the tumor cells may reflect their position within the lesion and their degree of maturation rather than their malignant potential.
Conclusions
Electron microscope studies of BHP-induced carcinogenesis have furnished morphological evidence that it is the acinar cells of the hamster pancreas that are the first to respond to BHP, ductular cells showing only minimal change. The acinar cells undergo a gradual progressive loss of rough ER and zymogen that results in their dedifferentiation to form cells that may be difficult or impossible to distinguish from centroacinar or ductular cells. The mechanism appears to be one that involves selective autophagy. Study of areas of apparent ductular proliferation shows that this should rather be considered to be pseudoductular transformation, in view of the presence of altered acinar cells. There is evidence suggesting that selective autophagy may also operate on an extensive scale in exocrine cells during pseudoductular transformation, rapidly removing most or all of their component of zymogen and rough ER. It is likely that proliferation of some of the resulting dedifferentiated cells leads to the formation of cystic foci and cystadenomas, since some isolated, altered, but identifiable, acinar cells are retained in these lesions. Further progression probably leads to the development of tumors whose cells are entirely devoid of acinar cell characters and which appear to be ductal or ductular adenocarcinomas, comparable to those of human patients. Mucous or goblet cell metaplasia appears to be a secondary phenomenon. If elimination of acinar cell characters is incomplete, this may result in the development of mixed acinar-ductal tumors, as has been reported to occur in the hamster. Although the evidence discussed here does not exclude the participation of ductular cells in pancreatic tumorigenesis in the hamster, it is consistent with the view that the acinar cell is a major progenitor of so-called ductular tumors. There appears to be no compelling evidence, on the other hand, that a ductular stem cell is necessarily involved in their histogenesis.
Thus, there are similarities between the hamster, rat and guinea pig models of pancreatic carcinogenesis, with respect to loss of acinar cell differentiation and pseudoductular transformation. These processes may not be specific per se to neoplastic induction but may give rise to a new cell type with increased susceptibility to further stimulation by carcinogens. If it is accepted that pancreatic carcinogenesis in the hamster closely resembles the human disease, then evidence of an acinar cell histogenesis of pancreatic tumors in the hamster lends new significance to observations of acinar dysplasias in human pancreatic tissue (34) (35) (36) and suggests that the supposed ductal or ductular origin of pancreatic adenocarcinomas in man may need to be reconsidered critically.
